Abstract-Using analytical techniques, we determine the conditions under which the combined carrier channel assignment (CCCA) scheme of channel allocation is preferable to the independent carrier channel assignment (ICCA) in an FDMA/CDMA system providing voice and circuit-switched data services. We find out that, even though the benefit of CCCA scheme over ICCA scheme is negligible for small number of channel elements (CEs), the scenario changes significantly when the number of CEs increases beyond a certain point. An improvement of as much as 74% can be achieved in the Erlang capacity when 5 carriers are employed, each with 29 channels in a 3-sector per cell system. We also find the capacity knees for different number of carriers.
I. INTRODUCTION
H YBRID FDMA/CDMA, proposed in [1] , is a promising technique for the third-generation mobile and personal communication systems. In the hybrid FDMA/CDMA, like FDMA, the available wideband spectrum is divided into a number of distinct bands, each band facilitating a narrowband CDMA system with a distinct carrier.
The performance of hybrid FDMA/CDMA depends, among other things, on the channel assignment methods. Typically, two-channel assignment methods are recommended in literature: the independent carrier channel assignment (ICCA) and combined carrier channel assignment (CCCA) [2] . In ICCA scheme, traffic channels of each carrier are handled independently from other carriers so that each mobile station (MS) is allocated a traffic channel from the same carrier regardless of the load on this carrier. In contrast, CCCA scheme pools together the traffic channels from all carriers in the system. When a base station (BS) receives a new call request, it searches the least occupied carrier and allocates a traffic channel from that carrier.
In [2] , Song et al. compared performances of the hybrid FDMA/CDMA system under ICCA and CCCA schemes. In their analysis, they focus on the voice-oriented systems and consider call blocking due to the scarcity of Channel [3] . They consider the single carrier CDMA system with call blocking due to the total interference caused by the admitted users. Practically, the call blocking in the hybrid FDMA/CDMA is caused by two factors, namely, the scarcity of CEs in the base station and the insufficiency of the available channels in a sector.
In this letter, we consider the hybrid FDMA/CDMA systems supporting voice and circuit-switched data services with multiple carriers of equal bandwidth. We present an analytical procedure to analyze the Erlang capacity under two channel allocation mechanisms, ICCA and CCCA, by incorporating the expanded call blocking model based on both the factors mentioned above.
II. SYSTEM MODEL
We consider the hybrid FDMA/CDMA system supporting voice and data services with carriers of equal bandwidth where denotes the number of carriers or bands. Also, the considered system adopts three-sector cells with the perfect directional antennas. At each sector, it is assumed that each carrier of hybrid FDMA/CDMA provides basic channels per sector, and further one data call requires times system resources of one voice call, based on the quality of service (QoS) requirements such as data transmission rate and the required [3] , [4] . In the base station, there are CEs per cell where denotes the total number of CEs available in the base station. The CE is a hardware element that performs the baseband signal processing for a given channel (pilot, sync, paging or traffic channel) in the base-station. Practically, CEs in the base station are pooled such that any CE can be assigned to any call in the cell regardless of its sector. In addition, arrivals of voice and data calls in the th sector ( ) are distributed according to independent Poisson processes with average call arrival rates and , respectively. Also, the channel holding times of voice and data traffic are exponentially distributed with mean channel holding times and , respectively. Then, the offered traffic load of voice and data calls in the th sector, and are defined as and , respectively. It is noteworthy that the data traffic may have different statistical behavior from the voice, however, we model the data services simply as independent Poisson process, while considering voice and data services in a circuit-switched mode. Further, specific 1089-7798/03$17.00 © 2003 IEEE analysis considering self-similarity and long range dependence properties is necessary for the performance evaluation of such data services as mobile internet access via packet switching radio networks [6] , but it is out of the scope of this letter. In addition, we consider two types of call blocking model: 'hard blocking' defined as the probability that all CEs in the base station are used, and 'soft blocking' as the probability that the number of active users is equal to or exceeds the maximum number of basic channels in a particular sector. We denote the hard blocking in the base station by and , and the soft blocking of in the sector by and , for voice and data, respectively.
III. ERLANG CAPACITY ANALYSIS
In this section, expressions for blocking probabilities of voice and data calls are derived for the above system. From the blocking probabilities, one could easily derive the Erlang capacity formulas.
We first consider the combined carrier channel assignment (CCCA) scheme. Since the CCCA scheme combines all traffic channels in the system, the hybrid FDMA/CDMA system with carriers under the CCCA scheme conceptually can support basic channels per sector. In this situation, in order that a call attempt gets the service, the soft blocking of the call should not occur in a sector and the hard blocking of the call also should not occur in the base station. For the performance analysis, let be the state of the th sector ( ), given by the number of calls of each service group in the th sector. Further, let us define as a set of admissible states in the th sector satisfying the following relation:
where is a 1 by 2 vector whose elements are the amount of system resources required by one voice and one data user in each sector, respectively, and is a scaler representing the sector resource such that and . Then, the state probability of , , in the th sector is given by [5] otherwise (1) where and represent the traffic load of voice and data calls in the th sector that are somewhat reduced due to the limitation of CEs in the base station, respectively. In (1), is a constant that has to be calculated in order to have that is accumulated to 1 (2) In addition, the soft blocking probabilities for voice and data services, and , in the th sector can be easily evaluated by means of two constants, respectively (3) where the symbol ' ' can be either ' ' for the voice or ' ' for the data service. If , then . If , then .
is the constant calculated on the whole , while is the constant calculated on the , i.e., . In order that the calls that are not soft-blocked in each sector get the service, there should be sufficient CEs in the base station to support them. If there are insufficient CEs, those calls will be hard-blocked. Since all CEs available in the base-station are pooled and assigned to any call regardless of sectors, the traffic load of voice and data calls that are offered to the base station, and , are sum of the carried sector traffic load of voice and data that are not soft-blocked in each sector and attempt to get a CE in the base station such that they are given as and , respectively. Similarly to the soft-blocking case, when there are CEs in the base station, the hard blocking probabilities for voice and data services, and , in the base station are given as following: (4) where , , , and .
is the ratio of the amount of CEs used by one data call to that used by one voice call in the base station, and it can be varied according to the channel structures employed in the system. For simplicity, we consider the case that is equal to in this letter. and are the number of voice and data calls in the BS, the symbol " " can be for or for , and is the constant calculated on the whole , while is the constant calculated on the . Note that the soft blocking and hard blocking probabilities are linked through the coupling parameters, , , and . For the calculation of these blocking probabilities, we need to use the iteration method. Let , , and represent the value of , , and at the th iteration, respectively. Also, let , , and be the initial value for the recursion. Then, the proposed iteration procedure takes the following steps. 1) Define , and set and 2) Calculate and for all ( ,2,3) with and
3) Calculate and with and 4) If (tolerance parameter) and , then stop the recursion. Otherwise, set and go back to the step 2). From our experience, this recursion always converges within a few iterations (generally less than 5).
For the convergence values, the call blocking probabilities of voice and data services in the th sector, and , are given as following:
(5) (6) Finally, the Erlang capacity at the th sector is give as (7) where and are the required call blocking probability of voice and data calls, respectively.
Equations (5) through (7) give the Erlang capacity formula for the CCCA scheme. Now we will proceed with a similar analysis for the Independent carrier channel assignment (ICCA) scheme. In the case of ICCA scheme, the Erlang capacity of an arbitrary carrier represents the performance of a hybrid FDMA/CDMA system since each carrier operates independently. The Erlang capacity of hybrid FDMA/CDMA with carriers is the product of and the Erlang capacity of an arbitrary carrier. The Erlang capacity of an arbitrary carrier, , can be calculated with replacing , and in CCCA scheme analysis procedure by , , and , respectively, and then repeating the procedures applied in CCCA scheme analysis. Consequently, the Erlang capacity of hybrid FDMA/CDMA with carriers under the ICCA scheme is given as .
IV. NUMERICAL RESULTS
In this section, we calculate the Erlang capacity per sector for the following system parameters: , , and . Fig. 1 shows the Erlang capacities of ICCA and CCCA schemes for different values of when . We observe from this figure that the Erlang capacities for the two schemes are almost same when is small. Even though one would expect CCCA scheme to outperform ICCA scheme, improvement is not significant for small . However, as the number of CEs in the base station increases, the call blocking due to user limit per sector lowers the capacity of ICCA scheme. Thus, for large , CCCA scheme outperforms ICCA scheme due to pooling the capacity offered by the individual carrier per sector. One might say that it is only intuitive that the more the CEs, the larger the Erlang capacity; however, Fig. 1 also shows that the Erlang capacity is saturated after a certain value of CEs where the call blocking is mainly due to the insufficient channels per sector. Fig. 1 also shows that the Erlang capacity of ICCA scheme is saturated more quickly than that of CCCA scheme. Fig. 2 shows Erlang capacity as a function of CEs for different values of when the traffic ratio of data to voice, , is kept at 1%. From this figure, we observe that the performance gap between CCCA and ICCA schemes increases as a function of , and the Erlang capacity of CCCA scheme is improved over ICCA scheme by as much as 38%, 55%, 65% and 74% when is 2, 3, 4, and 5, respectively.
V. CONCLUSION
We have presented the results of an analytical study for the Erlang capacities of hybrid FDMA/CDMA system supporting voice and circuit-switched data services under two channel assignment methods: ICCA and CCCA. The issue of determining proper number of CEs in the base station or proper number of carriers in each sector that are required to accommodate the target traffic load is critical to the proper traffic engineering. Subsequently, the results presented in this letter are expected to be useful as a guideline for traffic engineers.
